Nearly one third of Americans have been afflicted with an anxiety disorder. A common 27 symptom of anxiety disorders is the over generalization of fear across a broad range of 28 contextual cues. We previously found that the anterior cingulate cortex and ventral 29 hippocampus (vHPC) regulate generalized fear. Here, we investigate the functional 30 projections from the ACC and vHPC to the amygdala and their role in governing 31 generalized fear in a preclinical rodent model. A chemogenetic approach (DREADDs) 32 was used to inhibit glutamatergic projections from the ACC or vHPC that terminate 33 within the basolateral amygdala (BLA) at recent (1 day) or remote (28 days) time points 34 after contextually fear conditioning male mice. Inactivating ACC or vHPC projections to 35 the BLA significantly reduced generalized fear to a novel, nonthreatening context but 36 had no effect on fear to the training context. Further, our data indicate that the ACC-37 BLA circuit supports generalization in a time-independent manner. We also identified for 38 
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Nearly one third of Americans have been afflicted with an anxiety disorder. A common 27 symptom of anxiety disorders is the over generalization of fear across a broad range of 28 contextual cues. We previously found that the anterior cingulate cortex and ventral 29 hippocampus (vHPC) regulate generalized fear. Here, we investigate the functional 30 projections from the ACC and vHPC to the amygdala and their role in governing 31 generalized fear in a preclinical rodent model. A chemogenetic approach (DREADDs) 32 was used to inhibit glutamatergic projections from the ACC or vHPC that terminate 33 within the basolateral amygdala (BLA) at recent (1 day) or remote (28 days) time points 34 after contextually fear conditioning male mice. Inactivating ACC or vHPC projections to 35 the BLA significantly reduced generalized fear to a novel, nonthreatening context but 36 had no effect on fear to the training context. Further, our data indicate that the ACC-37 BLA circuit supports generalization in a time-independent manner. We also identified for 38 the first time a strictly time-dependent role of the vHPC-BLA circuit in supporting remote 39 generalized contextual fear. Dysfunctional signaling to the amygdala from the ACC or 40 the hippocampus could underlie over-generalized fear responses that are associated 41 with anxiety disorders. Our findings demonstrate that the ACC and vHPC regulate fear 42 expressed in novel, nonthreatening environments via projections to the BLA but do so 43 as a result of training intensity or time, respectively. 44
46
Introduction 60 Exposure to stressful events can precipitate anxiety disorders, which afflict 61 approximately one third of the adult U.S. population (Kessler et al., 2012) . A debilitating 62 symptom of many anxiety disorders is the overgeneralization of fear (Dymond et al., 63 2015; Morey et al., 2015) , manifesting as hyperarousal across a range of contexts that 64 are not associated with any aversive event (Lissek et al., 2005; 2010) . Moreover, 65 people with anxiety disorders have hyperreactive amygdalae (Shin et al., 2004; 2006) 66 along with decreased anterior cingulate cortex (ACC) (Yamasue et al., 2003; Woodward 67 et al., 2006; Asami et al., 2008; Greenberg et al., 2013) and hippocampal volumes 68 (Gurvits et al., 1996; Shin et al., 2006; Chen and Etkin, 2013) . Although these regions 69
Although the ACC and hippocampus are implicated in anxiety disorders (see 93 above citations) and generalized fear (Einarsson and Nader, 2012; Cullen et al., 2015; 94 Zhou et al., 2017) , little is known about the circuits through which they govern 95 generalized fear responses. A single study found that circuits connecting the ACC and 96 vHPC in the nucleus reunions are necessary for the learning of specific fear (Xu and 97
Südhof, 2013) -inactivating these circuits prior to training induces rapid fear 98 generalization. However, how the ACC and vHPC outputs govern temporally graded 99 generalized fear during recall is completely unknown. The ACC and vHPC each 100 communicate with the basolateral amygdala (BLA) (Maren and Fanselow, 1995; 101 Cenquizca and Swanson, 2007; Morozov et al., 2011 ) -a critical region for fear 102 acquisition and expression (Kim and Fanselow, 1992; Kim et al., 1993; Campeau and 103 Davis, 1995; Maren et al., 1996; Schafe et al., 2005; Do-Monte et al., 2016) . Thus, we 104 hypothesize that ACC and vHPC projections converge within the BLA to regulate time-105 dependent contextual generalization of fear. 106
To identify if ACC and vHPC projections to the BLA regulate generalized fear, we 107 used DREADDs (Armbruster et al., 2007) , to selectively express the modified human 108 muscarinic acetylcholine receptor 4 (hM4D) within the ACC or vHPC. We found new 109 evidence that inactivation of ACC or vHPC projections in the BLA dramatically 110 attenuated generalized fear in time-independent and time-dependent processes, 111 respectively; specific fear was unaltered. Our findings suggest that over-generalization 112 of fear in people with anxiety disorders may result from hyperreactive amygdalae due to 113 dysfunctional signaling from the ACC or hippocampus. 114
Mice were pre-exposed to the context for five minutes on the two days prior to 160 fear conditioning. Fear conditioning occurred in the training context with five unsignaled 161 footshocks (1s, 1.0 mA), each separated by 90s, mice were removed from the 162 apparatus 30s after the last shock and returned to their home cage. After training, we 163 conducted a 5-minute test in either the training context or the novel context at 24 hours 164 or 28 days after training. 165
Mice were given 5mg/kg intraperitoneal (IP) injections of clozapine-n-oxide 166 (CNO) (Cayman Chemical) or saline 30 minutes prior to testing in the CNO control 167 experiments and systemic inactivation studies. The dose of 5mg/kg was selected due 168 to common IP injection doses used for DREADD experiments and has shown to have 169 reduced effects on behavior in naïve mice (MacLaren et al., 2016; Jendryka et al., 170 2019) . In experiments in which mice were given a localized infusion of CNO (0.2µL of 171 650µM at 0.1µL/min), a concentration within the range of those previously reported 172 (Mahler et al., 2014; Vazey and Aston-Jones, 2014; Scofield et al., 2015) , the drug was 173 infused five minutes prior to testing in order to inactivate ACC or vHPC projections 174 terminating in the basolateral amygdala. The within-subject fear testing used F1 hybrids 175 in the same training procedures as described previously with counterbalanced testing. 176 F1 hybrids were tested in both the training and novel contexts for five minutes with 72-177 hours between testing. Five minutes prior to each test, F1 hybrids were given intra-BLA 178 infusions of CNO as previously described. 179
Histology 180
Mice were deeply anaesthetized with pentobarbital sodium and perfused 181 transcardially with 0.9% saline followed by 4% paraformaldehyde. After perfusion, 182 0.2µL of 0.5% neutral red solution was infused into the guide cannulae for site 183 verification of BLA targets then the brains were extracted. After extraction, brains were 184 post-fixed in 4% paraformaldehyde for 24-hours then transferred to 30% sucrose 185 solution until sectioning. Coronal sections (40µm thick, taken every 120µm) were cut on 186 a freezing microtome, mounted on glass microscope slide, and cover slipped with 187 MOWIOL mounting medium containing 2.5% DABCO before visualization. All imaging 188 was completed on a Nikon Eclipse Ti-S using a Nikon Intensilight C-HGFIE mercury 189 lamp in conjunction with FITC, and Cy3 filters and analyzed using NIS Elements 
Statistical Analyses 196
Mean freezing during contextual fear testing were analyzed using a 2x2 factorial 197 analysis of variance (ANOVA) on Prism Graphpad statistical software. Statistically 198 significant ANOVAs were followed up with Tukey HSD post hoc comparisons. BLA 199 target comparisons were analyzed using a non-parametric Mann-Whitney t-test on 200 Prism Graphpad. Effect sizes were calculated for completed experiments along with 201 post-hoc power analyses using G*Power 3. Refer to Tables 1-6 for detailed statistical  202 results for each experiment. 203
Results 204
Clozapine-n-oxide administration in naïve animals has no effect on context fear 205 generalization 206
Prior to the start of neuronal manipulation with the DREADD system, we tested 207 for non-constitutive effects of CNO on fear generalization. Non-DREADD-infused mice 208
were context fear conditioned and tested in the training context or a distinct novel 209 context where they had not been previously exposed (Fig. 1A) either one or 28 days 210 after training; 30 minutes prior to testing mice were administered CNO or saline. CNO 211 and saline controls displayed high levels of freezing to the training context and 212 significantly lower freezing levels in the novel context at the immediate time point 213 indicating no effect of CNO on normal freezing in either context (Tables 1, 2; Fig. 1B) . 214 Furthermore, CNO had no effect on freezing at the remote test; all mice displayed high 215 freezing levels in the training and novel context (Table 1 ; Fig. 1B ). These data indicate 216 that CNO alone, or its potential reverse metabolism to clozapine (Gomez et al., 2017) , 217 has no effect on freezing to a specific or generalized context. Thus, any effects 218 observed on fear generalization in the following experiments are due to hM4D receptor 219 inactivation in the targeted region. 220
The anterior cingulate cortex -basolateral amygdala circuit controls time-221 independent generalized fear 222
Our initial finding that the ACC plays a critical role in the generalization of context 223 fear (Cullen et al., 2015) was upheld using hM4D inactivation. hM4D-mediated 224 inactivation of the ACC with a systemic injection of CNO eliminated generalized fear to 225 the novel context, but not specific fear to the training context (Tables 3 and 4 ; Fig. 1G ). 226 Therefore, we used the hM4D system with intracranial infusions of CNO to identify the 227 precise ACC circuit that regulates fear generalization. The ACC is known to convey 228 sensory information to the BLA (Morozov et al., 2011; McCullough et al., 2016) ; 229 therefore, we targeted ACC projection terminals in the BLA. 230
Mice with hM4D or EGFP virus in the ACC were context fear conditioned; five 231 minutes prior to testing all mice were administered intracranial infusions of CNO via 232 guide cannulae into the BLA (Fig 2A-C) . Inactivation of the hM4D-expressing terminals 233 from the ACC in the BLA did not affect freezing in the training or novel context during 234 the immediate test, both hM4D and EGFP groups displayed high freezing in the training 235 context and low freezing in the novel context (Tables 3 and 4 ; Fig 2F, left panel) . 236
However, inactivating ACC terminals in the BLA significantly reduced freezing only in 237 the novel context 28 days after training (Fig. 2F , right panel), whereas EGFP mice 238 displayed equivalent freezing in the training and novel contexts -indicating generalized 239 fear. The reduction of fear generalization in hM4D mice was specific to terminal 240 inactivation within the BLA; hM4D mice with extra-BLA infusions froze significantly more 241 in the novel context than those with intra-BLA infusions (Table 3 ; Fig. 2G ). Thus, we 242 established that projections from the ACC to the BLA are critical for promoting 243 generalized fear at remote testing points. 244
Are the ACC projections to the BLA that support generalized fear restricted solely 245 to remote tests? If generalization occurs rapidly, does the ACC-BLA circuit still control 246 generalization? Based on our previous findings (Cullen et al., 2015) and the 247 experiments above, we predicted that ACC projections to the BLA would only support 248 generalized fear that develops over time. In the third experiment we used the F1 249 hybrids of C57BL/6J crossed with 129S1/SvImJ -a hybrid mouse line used by several 250 laboratories to study mechanisms of contextual fear (Frankland et al., 2004b; Smith et 251 al., 2007; Wiltgen and Silva, 2007; Wiltgen et al., 2010; Tanaka et al., 2014) Fig. 3A) ; thus, providing a novel opportunity to study the role 260 of the ACC-BLA-vHPC circuit in non-temporally graded generalization. 261
Experimental procedures were carried out as described in experiment two; 262 however, mice were tested a second time 72-hours after the first test in the opposite 263 context to reduce potential testing-order effects and allow for CNO to be completely 264 metabolized before the second test ( Fig. 3B and C ). Hybrid mice with EGFP virus 265 displayed increased freezing in the novel context during immediate and remote tests 266 (Fig 3F, left panel) . Unexpectedly, hM4D inactivation of the projections from the ACC to 267 the BLA at both the immediate and remote tests reduced freezing in the novel context 268 but not in the training context (Table 3 and 4; Fig. 3F ), indicating that projections from 269 the ACC to the BLA promote freezing to a novel context in a time-independent manner. 270
The ACC-BLA pathway controls generalized fear to the novel context but not specific 271 fear to the training context; this effect is upheld across mouse strains and experimental 272 testing designs. 273
The ventral hippocampus -basolateral amygdala circuit controls time-dependent 274
generalized fear 275
In addition to identifying the ACC as a critical locus supporting generalized 276 contextual fear, we previously identified that the vCA1 of the hippocampus also 277 underlies generalized contextual fear at remote time points (Cullen et al., 2015) . This 278 finding was replicated by using hM4D to inactivate the vHPC. Inactivation of the vHPC 279 with a systemic injection of CNO significantly reduced generalized fear to the novel 280 context but not specific fear to the training context at a remote time point (Tables 5 and  281 6; Fig. 4C ). As done with Experiment 2, we used intracranial infusions of CNO to 282 identify the vHPC circuit that regulates fear generalization. Given that the vCA1 of the 283 hippocampus has direct connections with the BLA (Cenquizca and Swanson, 2007; 284 Fanselow and Dong, 2010) and is thought to be crucial for conveying contextual 285 information to the BLA (Maren and Fanselow, 1995; Huff et al., 2016) we targeted vHPC 286 projections terminating in this region. 287 Mice with hM4D virus or EGFP control virus in the vHPC were context fear 288 conditioned; five minutes prior to testing all mice were given intracranial infusions of 289 CNO via guide cannulae into the BLA (Fig. 5A-C Clinical studies implicate that the hyperreactive amygdalae observed in people 320 with anxiety disorders may be due to an inhibitory dysregulation caused by a 321 malfunctioning anterior cingulate cortex and hippocampus (Gurvits et al., 1996; 322 Yamasue et al., 2003; Shin et al., 2006; Woodward et al., 2006; Asami et al., 2008; 323 Chen and Etkin, 2013; Greenberg et al., 2013) . These studies are limited in making 324 causal conclusions about connectivity, as they associate hyperactive amygdalae with 325 decreased volume and activity of the ACC or hippocampus. Here, we identified causal 326 relationships that fear to novel contexts is in fact regulated by the glutamatergic, 327
CamKIIa-expressing projection neurons from the ACC and vHPC to the BLA but via 328 separate training and time-dependent mechanisms. The regulation of generalized fear 329 by projections from the ACC to the BLA is a time-independent effect that may depend 330 on the strength of the training based on our finding that 5-shock, not 3-shock, training 331 induced immediate generalization. These findings support recent hypotheses that 332
propose that the ACC regulates generalized fear responses (Teyler and Rudy, 2007; 333 Winocur et al., 2007; Einarsson and Nader, 2012; Cullen et al., 2015) , but not specific 334 fear responses. The time-independent mechanism of the ACC-BLA connection is in 335 contrast to what we observed with the vHPC. When we induced rapid generalization, 336 inactivation of projections from the vHPC to the BLA did not reduce freezing in the novel 337 context. Generalization was only eliminated when the vHPC-BLA circuit was inactivated 338 at a remote time point. Thus, the vHPC-BLA circuit plays a specific role in time-339 dependent generalization of contextual fear. 340
We have consistently observed a role for the ACC that is specific to generalized 341 fear responding (Cullen et al., 2015) , and this is supported by other recent work 342 (Einarsson et al., 2015) . We note two prior studies which found that the ACC regulates 343 specific fear responses at remote time points after training (Frankland et al., 2004a; 344 Goshen et al., 2011) . In one case, this discrepancy could be due to specific 345 methodological differences during testing; we performed local intracranial infusions of 346 CNO without anesthetizing mice prior to testing unlike the previous study (Frankland et 347 al., 2004a) . In the other case, the authors performed tone-dependent fear training with 348 context as background and used multiple recall tests in the same context (Goshen et 349 al., 2011) . Here, we used unsignaled shocks to train specifically for contextual fear and 350 mice were only tested in a single context once. This discrepancy provides evidence 351 that ACC regulation of fear responses is related to the strength -and type -of the fear 352 training. This was not the case for the role of the vHPC in generalized fear responding. 353
For decades, the focus of identifying neural mechanisms of fear responding has 354 been the dorsal hippocampus (dHPC), and much of the current theory is based on 355 experiments within this region (Squire and Alvarez, 1995a; Frankland et al., 1998; 356 Teyler and Rudy, 2007; Winocur et al., 2007; Wiltgen et al., 2010; Hardt et al., 2013; 357 Winocur et al., 2013) . Notably, the experiments described here, and our previous study 358 (Cullen et al., 2015) , are the only studies to date examining the role of vHPC in 359 generalized fear responses. Generalized, remote fear responses require the vHPC; 360 whereas the dHPC is crucial for maintaining specific fear responses (Frankland et al., 361 1998; Wiltgen et al., 2010; Winocur et al., 2013; Cullen et al., 2015) . Over time, activity 362 of the vHPC and its projections to the BLA exert greater control over generalized fear 363 rather than maintaining control over specific fear, like the dHPC. Our vHPC results also 364 emphasize that there is a dissociation between the roles of the ventral and dorsal 365 hippocampus in the control of fear processing, an effect that has support from 366 neuroanatomical and connectivity studies (Fanselow and Dong, 2010) , but limited 367 systems and behavioral support (Morris, 1981; Maren and Holt, 2004; Hunsaker and 368 Kesner, 2008) . The present data also have important implications for predictions that 369 are made by theories about aging fear memories and interactions between the 370 hippocampus and cortical regions (Squire and Alvarez, 1995a; Teyler and Rudy, 2007; 371 Winocur et al., 2007; Hardt et al., 2013) . 372
Systems consolidation hypothesizes that memories stored in the neocortex are 373 identical to those encoded by the hippocampus and does not address time-dependent 374 changes in memory specificity (Squire and Alvarez, 1995a). Our previous (Cullen et al., 375 2015) and current findings challenge the view that neocortical stored memories are 376 identical to those stored in the hippocampus. In addition, our data suggest that aged 377 memories continue to be dependent on the hippocampus, albeit control shifts to the 378 ventral region. Another memory hypothesis suggests that specific memories are initially 379 dependent on the hippocampus and are transformed to schematic -generalized -380 memories as they are stored in the neocortex, called the transformation hypothesis 381 (Winocur et al., 2007; 2013) , which stems from Multiple Trace Theory (Nadel and 382 Moscovitch, 1997) . In the transformation hypothesis, both the schematic memory and 383 the specific memory are continuously accessible; however, specific memories are 384 always dependent on the hippocampus whereas generalized memories are dependent 385 on the neocortex as they are transformed over time-independent of the hippocampus. 386 Therefore, at remote time points there can be two memory traces and either can be 387 accessed depending on the situational requirements. 388
Our data challenge the transformation hypothesis' notion that neocortical regions 389 control generalized memories as a function of the training-to-testing interval; our data 390 here show that memories may be immediately stored in a generalized state within the 391 ACC. Experiments employing immediate post-training inactivation of the ACC followed 392 by a test for generalization within a novel context are needed in order to confirm the 393 immediate storage hypothesis. Thus, our current data support the neocortex's 394 involvement in generalized memories, but not that generalized memories are 395 transformed over time, or that they are independent of the hippocampus. 396
Studies in full support of the transformation hypothesis thus far have not found 397 evidence for a functional dissociation between the dorsal and ventral hippocampus on 398 generalization (Winocur et al., 2007; 2009) , suggesting that the hippocampus -as a 399 whole -is not required for generalized memory recall. Here, we discovered that 400 immediately generalized memories do not require the vHPC, whereas remote 401 generalized memories do -showing an opposite role of that of the dHPC. Thus, our 402 data, in combination with recent findings (Lynch et al., 2017; Zhou et al., 2017) , suggest 403 that transformation of a specific fear memory into a generalized form may actually 404 involve a shift in control over memory recall from the dHPC to the vHPC over time. 405
Utilizing chemogenetics, we reliably replicated the effects of the ACC and vHPC 406 regulating fear generalization via projections to the BLA; however, there have been 407 recent validity threats to the DREADD system. The DREADD activator -CNO -may 408 be reverse metabolized into clozapine with widespread effects and non-specific binding 409 of the DREADD receptor (MacLaren et al., 2016; Whissell et al., 2016; Gomez et al., 410 2017; Manvich et al., 2018) . To control for potential off-target effects of CNO, we fear 411 conditioned naïve mice and tested them 30 minutes after an injection of CNO or saline. 412
We found no effect of CNO on contextual fear or the generalization of contextual fear -413 eliminating the potential confound of CNO specifically for our paradigm. Additionally, 414 intracranial infusions of CNO directly into the BLA replicated the systemic DREADD 415 inactivation findings, and mice expressing hM4D with targets outside the BLA displayed 416 normal freezing behavior in the novel context. Although one study reported off target 417 effects with lower a concentration of CNO when locally infused near the hypothalamus 418 (Stachniak et al., 2014) , the small volume of the infusions used here (0.2µL), and the 419 lack of any behavioral effect when CNO was infused outside of the BLA strongly 420 suggests that our observed results were not due to off target effects of CNO -or its 421 reversal into clozapine -and that the effects were specific to inactivation of axonal 422 projections terminating in the BLA. A few reports suggest that CNO must be first 423 converted into clozapine in order to cross the blood brain barrier and exert its effects 424 (Bender et al., 1994; Gomez et al., 2017) . Our intra-BLA infusions surpass the blood-425 brain barrier, therefore CNO -not clozapine -in experiments 3, 4, 6, and 7 specifically 426 acted on the DREADD receptors in virally infused mice. 427
These findings help to uncover part of the neural connectome involved in both 428 specific and general fear responses, which is critical for understanding how humans and 429 non-humans alike express fearful responses in safe environments (pathological 430 generalization). Clinical research hypothesizes that reduced volume of the ACC and 431 hippocampus restricts normal inhibitory function on the amygdala leading to increased 432 fear responding (Gurvits et al., 1996; Schuff et al., 2001; Yamasue et al., 2003; Shin et 433 al., 2006; Woodward et al., 2006; Asami et al., 2008; Chen and Etkin, 2013; Greenberg 434 et al., 2013) . Our findings confirm that the ACC and hippocampus, specifically the 435 vHPC, regulate fear in novel, or non-threatening, environments through their outputs to 436 the amygdala. Furthermore, they do so in a functionally different manner. The ACC 437 time-independently controls generalization, whereas the vHPC plays a strictly time-438 dependent role in regulating generalized fear. Thus, dysfunctional signaling to the BLA 439 from the ACC or hippocampus -in combination or alone -may be a predominant 440 
